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Ilmenite (R3 andZZ 6) and perovskite (Pbnm andZZ 4) structures
are common phases for ABO3-type compounds where such
compounds have a relatively larger A-site cation and a small B-site
cation. At various temperatures, pressures and compositions, an
ilmenite-type ABO3 compound can transform to perovskite struc-
ture. Some high-pressure ABO3 perovskites are unquenchable on
decompression to ambient conditions. For example, perovskite-type
CaSiO3 becomes amorphous at atmospheric pressure (Liu and
Ringwood, 1975; Mao et al., 1989); perovskite-type MgSiO3 is
metastable at zero pressure and becomes amorphous on heating as
low as 150 C (Durben and Wolf, 1992); perovskite-type MgGeO3
and FeTiO3 transform on decompression to the lithium niobate
phase (Ln: R3c and Z Z 6) (Leinenweber et al., 1991, 1994).
Figure 1 Selected X-ray diffraction patterns of ilmenite-type
MnTiO3 at high pressure with the background subtracted. Vertical bars
at the bottom represent the positions of diffraction peaks from
ilmenite phase at 2.0 GPa. Star symbol represents the diffraction peak
from cubic Ne.
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quenched from perovskite-type phases are metastable (Mehta et al.,
1994; Navrotsky, 1998; Ming et al., 2006), which can be used as an
important indicator of mineralogical or petrological processes, such
as a geo-barometer. Recently, a natural mineral Ln-type FeTiO3
consisting of polysynthetic twin components has been discovered
observed by optical microscopy in shocked gneiss from the Ries
crater, southern Germany, which indicates that this impact structure
suffered at least 20 GPa shock pressure (Dubrovinsky et al., 2009).
Therefore, the relationship of ilmenite, Ln and perovskite for ABO3
compounds is of fundamental interest in high-pressure crystal
chemistry and of significance in Earth science.
MnTiO3 crystallizes into ilmenite structure at ambient condi-
tions. Forty years ago, a new high-pressure polymorph of MnTiO3
with 1.5% higher density at room temperature was observed in the
quenched product from high temperature and high-pressure
experiments (Syono et al., 1969). It was determined to be Ln-type
phase by single crystal X-ray diffraction (XRD) (Ko and Prewitt,
1988). Prime phase equilibrium and calorimetric studies showed
that Ln-type MnTiO3 was a stable phase with its stability field in
PeT space (Ko et al., 1989). Subsequently a denser phase of
MnTiO3 with perovskite structure was observed by in situ XRD
with a diamond anvil cell (DAC) (Ross et al., 1989) at 2e3 GPa and
room temperature when Ln-type MnTiO3 was used as the starting
material. In addition, this phase transition between Ln and perov-
skite is reversible. The phase-transition pressure between Ln and
perovskite is lower than that of the ilmenite-Ln transition observed
in multianvil quenchable experiments. Thus, one concern has been
whether Ln-type MnTiO3 is stable or metastable. Now it is
generally accepted that the Ln phase is metastable and formed by
a diffusionless transition on pressure release (Navrotsky, 1998).
Since the discovery of the MgSiO3 post-perovskite phase with
a CaIrO3 structure (Cmcm and ZZ 4) under conditions approaching
those of the lowermost mantle (Murakami et al., 2004; Oganov and
Ono, 2004), which can explain some of the observed phenomena in
the D00 layer, interest toward this novel phase has grown quickly. By
now, perovskite to post-perovskite transformations have been
observed experimentally in several ABO3-type compounds and
sesquioxides (M2O3, M Z metal element) with lower transition
pressures, such as MgGeO3 at 60e70 GPa (Hirose et al., 2005),
Mn2O3 at 28e30 GPa (Santilla´n et al., 2006). Some ABO3-type
perovskites are predicted by theoretical simulation or semi-empir-
ical methods to bewithin the post-perovskite phase at high pressure,
such as CaTiO3 (Wu et al., 2005) and MnSnO3 (Kojitani et al.,
2007). Up to the present, there are no structural data for perov-
skite-type MnTiO3 above 5 GPa. Also, no available information is
reported about the possibility of the phase transition from perov-
skite to post-perovskite for MnTiO3 compound. Therefore, as
reported here, in order to know better the high-pressure behavior of
MnTiO3, we carried out an in situ high-pressure experiment up to
26.6 GPa using XRD and Raman spectroscopy.Figure 2 Selected X-ray diffraction patterns of Ln-type MnTiO3 as
the starting material during compression (aed) and decompression
(eeg). Backgrounds were subtracted from the original data. Vertical
bars at the bottom represent the positions of diffraction peaks from
Ln-type MnTiO3 at ambient condition; vertical bars in the middle
show those from the perovskite phase. At 2.0 GPa, some peaks from
perovskite appear, such as the upward arrow (b) indicates, at the same
time typical double peaks (15e16 of 2q) from the Ln phase
disappear. Star symbol shows positions of the diffraction peak from
cubic Ne.2. Methods
A polycrystalline sample of MnTiO3 was synthesized using
a standard solidstate reaction. Stoichiometric amounts of MnCO3
(99.9%) and TiO2 (99.998%) were mixed and ground under
ethanol in an agate mortar. The mixtures were compressed into
a pellet with a diameter of 3 mm. The pellet was then heated in an
open platinum capsule at 1200 C for 24 h in COeCO2 gas
mixtures corresponding to oxygen fugacity (fO2 Z 10
11). Theproduct was drop quenched, and then examined by XRD with
a Co target and a JEOL JXA-8200 electron microprobe with an
accelerating voltage of 15 kV and a beam current of 15 nA. A
chemical composition analysis showed that the product is stoi-
chiometric with a Mn/Ti ratio of one. XRD results confirmed
a single-phase (ilmenite-type) product with no impurities. The
lattice constants are aZ 5.13936(8) A, cZ 14.2832(2) A and the
c/a ratio is 2.78.
The Ln-type MnTiO3 sample was synthesized from the above
product (ilmenite-type MnTiO3) at 15 GPa by heating at 1200
C
for 2 h using a Kawai-type high-pressure and high-temperature
apparatus (Sumitomo Press 1200 T) at the Bayerisches Geoinstitut
(BGI), University of Bayreuth. The starting material was loaded
into an MgO capsule (inner diameter 1.2 mm and 2 mm in depth)
Table 1 Unit-cell parameters and volume of ilmenite-type
MnTiO3 at various pressures. The numbers in parentheses are
estimated deviations in the units of the last digit.
P (GPa) a (A) c (A) V (A3)
0.0001 5.13936(8) 14.2832(2) 326.72(1) Compression
2.0(1) 5.126(2) 14.210(5) 323.4(1)
3.0(1) 5.116(6) 14.183(8) 321.5(3)
4.1(1) 5.097(1) 14.100(7) 317.3(1)
5.5(1) 5.094(3) 14.105(4) 316.9(5)
7.6(1) 5.079(4) 13.010(5) 313.0(6)
8.6(1) 5.068(2) 13.967(8) 310.8(3)
10.5(1) 5.055(1) 13.901(3) 307.6(1)
11.4(1) 5.050(2) 13.859(9) 306.1(4)
13.0(1) 5.046(3) 13.812(8) 304.7(5)
14.0(1) 5.041(2) 13.765(8) 303.0(3)
15.3(1) 5.032(2) 13.733(8) 301.2(3)
17.0(2) 5.027(2) 13.697(7) 299.8(3)
18.2(2) 5.026(2) 13.659(9) 298.8(3)
19.4(4) 5.018(4) 13.631(6) 297.3(6)
20.7(1) 5.013(5) 13.592(8) 295.8(8)
22.4(2) 5.008(5) 13.564(11) 294.6(6)
23.4(8) 5.006(2) 13.500(8) 292.9(4)
26.6(8) 5.002(6) 13.434(14) 291.1(8)
23.8(9) 5.005(6) 13.490(9) 292.7(8) Decompression
19.3(7) 5.027(6) 13.629(10) 298.2(8)
15.3(6) 5.036(8) 13.722(11) 301.4(9)
9.7(5) 5.070(5) 13.959(9) 310.8(8)
5.1(2) 5.095(1) 14.071(7) 316.3(2)
0.0001 5.128(3) 14.269(7) 324.9(5)
Table 2 Unit-cell parameters and volume of Ln-type MnTiO3 at
various pressures.
P (GPa) a (A) c (A) V (A3)
0.0001 5.1981(8) 13.679(4) 320.1(1)
2.0(1) 5.185(4) 13.579(12) 316.1(3)
3.7(1) 5.1792(9) 14.507(3) 313.8(1)
0.6 5.195(1) 13.644(6) 318.8(1)
0.0001 5.198(1) 13.666(4) 319.8(1)
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heater. ZrO2 was applied as the thermo-insulator. All parts were
assembled in a Cr-doped MgO octahedron of 10-mm edge-length,
which then was compressed within tungsten carbide cubes with
truncated 5-mm edge-lengths. The recovered sample was also
characterized using XRD. The product has a Ln-type structured
MnTiO3 (a Z 5.1981(8) A, c Z 13.679(4) A and the c/
a ratio Z 2.63).
During the in situ high-pressure experiments, a four-pin
modified Merrill-Bassett type DAC was applied; the culets are
400 mm in diameter; 200-mm diameter holes were drilled in
the rhenium gasket with an initial thickness of 260 mm, which
were pre-indented to 40e50 mm in thickness. Ne was used as the
pressure-transmitting medium. Two small ruby spheres were
loaded for pressure calibration, which was determined according
to its R2 fluorescence peak position (Mao et al., 1986). One ruby
was at the center and the other was close to the edge of the sample
chamber in order to monitor pressure gradients. In this study, the
pressure error was small, and did not exceed 0.8 GPa.
In situ XRD measurements up to 26.6 GPa were carried out at
BGI using a system consisting of a high-brilliance FRD rotating
anode generator and a Bruker APEX charge-coupled device area
detector. An accelerating voltage of 55 kV and a beam current of
60 mA were applied. Mo Ka radiation (l Z 0.7108 A) was
focused on the sample in a spot less than w50 mm in diameter.
Collection time for each pattern was 15 min. All collected images
were integrated using the Fit2D program in order to obtain
conventional one-dimensional diffraction spectra. The XRD
patterns were analyzed using the GSAS software (Toby, 2001).
Raman spectra of samples were recorded using a LabRam
(Horiba Scientific Inc.) spectrometer in a back-scattering geom-
etry. A 632.8 nm HeeNe laser was used for excitation. The
incident laser beam was focused on the sample using a 50 long-
distance working objective. Collecting time for each spectrum was
10 min.
3. Results
3.1. X-ray powder diffraction
XRD data for ilmenite-type MnTiO3 as the starting material were
recorded at room temperature up to 26.6(8) GPa; several selected
patterns are plotted in Fig. 1. Above 10 GPa, the reflection peak
from Ne (111) was observed, labeled with a star symbol in
Fig. 1bed. The remaining peaks are from ilmenite and they shift
to high angles on compression and to low angles on decompres-
sion. No phase transition of ilmenite-type MnTiO3 occurs in the
examined pressure range.
In an experiment using Ln-type MnTiO3 as the starting sample,
XRD data were collected up to 23.9(1) GPa at room temperature.
An obvious phase transition was observed from Ln-type phase to
perovskite at 2 GPa (Fig. 2b), which is in good agreement with the
results reported by Ross et al. (1989). The diffraction peaks from
Ln disappear at 5.3 GPa (Fig. 2c). Thus MnTiO3 became a pure
perovskite phase, which is stable to at least 23.9 GPa (Fig. 2ced).
No information on post-perovskite appeared in these experimental
conditions. During decompression, perovskite is inverted to Ln-
type phase (Fig. 2eeg), which confirms again that phase transition
between Ln and perovskite is reversible.
All lattice constants were refined by a full-profile model
refinement (Le Bail method), and are listed in Tables 1e3. The c/aaxial ratios of ilmenite and the Ln phase are plotted as a function
of pressure in Fig. 3. Here the c/a values of ilmenite are larger than
those of the Ln-type phase, consistent with the criterion to
distinguish ilmenite and lithium niobate proposed by previous
investigations (Ming et al., 2006; Wu et al., 2010). The decrease in
c/a ratios with increasing pressure demonstrates the distinctive
anisotropy of axial compressibility in both phases, i.e., the c axis
is more compressible than the a axis. Perovskite lattice parameters
reduced to those of a pseudo-cubic sub-cell show a divergent
tendency with increasing pressure (Fig. 4), which indicates that
the distortion from ideal cubic perovskite becomes greater.
The isothermal equation of state (EOS) for each polymorph of
MnTiO3 was fitted to the third-order BircheMurnaghan EOS
(Fig. 5). In the fitting process, the pressure derivative K0
0 was
constrained at 4. The parameters of EOS obtained are follows:
V0Z 54.27(1) A
3, K0Z 176(4) GPa for ilmenite; V0Z 53.32(2)
A3, K0 Z 179(8) GPa for the Ln phase; and V0 Z 51.22(6) A
3,
Table 3 Unit-cell parameters and volume of perovskite-type MnTiO3 at various pressures.
P (GPa) a (A) b (A) c (A) V (A3)
2.0(1) 5.133(3) 5.317(5) 7.450(7) 203.3(2) Compression
3.7(1) 5.111(1) 5.306(1) 7.442(2) 201.8(1)
5.3(1) 5.104(2) 5.291(3) 7.419(3) 200.3(1)
6.4(1) 5.097(1) 5.283(1) 7.397(1) 199.2(1)
7.1(1) 5.086(1) 5.275(1) 7.388(2) 198.2(1)
8.5(1) 5.077(1) 5.272(1) 7.358(2) 196.9(1)
9.5(1) 5.060(1) 5.270(1) 7.355(1) 196.1(1)
11.4(1) 5.052(1) 5.252(1) 7.332(1) 194.5(1)
13.6(3) 5.034(1) 5.244(1) 7.311(2) 193.0(1)
15.5(2) 5.018(1) 5.237(1) 7.288(2) 191.5(1)
16.9(3) 5.006(2) 5.231(2) 7.277(3) 190.6(1)
19.7(2) 4.983(5) 5.219(5) 7.270(6) 189.1(2)
21.9(5) 4.976(3) 5.210(2) 7.260(4) 188.2(2)
23.8(2) 4.959(2) 5.199(2) 7.239(3) 186.6(1)
20.8(1) 4.9847(5) 5.209(4) 7.265(6) 188.6(2) Decompression
17.2(2) 5.004(6) 5.228(4) 7.274(7) 190.3(2)
14.7(2) 5.028(7) 5.240(6) 7.304(6) 192.4(2)
9.6(1) 5.055(5) 5.263(5) 7.359(6) 195.8(2)
5.7(1) 5.097(3) 5.291(3) 7.415(4) 200.0(1)
4.1(1) 5.110(1) 5.302(1) 7.429(2) 201.3(1)
2.4(1) 5.129(2) 5.316(2) 7.448(2) 203.1(1)
Figure 3 Change in the axial ratio c/a for the ilmenite and Ln
phases of MnTiO3 as a function of pressure.
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formula unit and K0 is the bulk modulus at ambient pressure. All
results agree well with previous results obtained from high-pres-
sure single crystal data (Ross et al., 1989). The bulk modulus of
ilmenite MnTiO3 is very close to that of Ln-type and smaller than
that of perovskite, the behavior of which is similar to that of
FeTiO3 (Wu et al., 2010).
3.2. Raman spectroscopy
Group theoretical calculations yield 10 Raman active phonon
modes G Z 5Ag þ 5Eg (where Eg Z Eg1 þ Eg2) for the ilmenite-
type structure (Fateley et al., 1971), 13 Raman modes
G Z 4A1 þ 9E for the Ln-type phase (Schaufele and Weber,
1966), and 24 Raman modes G Z 7Ag þ 5E1g þ 7B2g þ 5B3g
for orthorhombic perovskite-type structure in the first-order
Raman scattering (Qin et al., 2002).
In the present in situ high-pressure Raman experiments, all
spectra were recorded after the XRD measurements at the same
pressure. In ilmenite-type MnTiO3, ten Raman active bands
labeled vi (i Z 1e10) were all observed, the frequency shifts of
which at ambient conditions are 166, 203, 237, 264, 335, 359, 467,
474, 601, and 685 cm1, respectively, in agreement with previ-
ously reported nine peaks (168, 202, 235, 264, 335, 360, 468, 599,
and 682 cm1) with just 1e2 wave numbers differences (Ko et al.,
1989). Selected Raman spectra at various pressures are plotted in
Fig. 6. Each band shifts to a higher frequency with increasing
pressure, and to a lower with decreasing pressure, where no peaks
merge and no new peaks appear. This result shows that the
ilmenite phase is stable at least to 26.6 GPa at room temperature,
consistent with the above XRD results.
Thirteen clear Raman bands (180, 196, 236, 280, 303, 337,
381, 452, 480, 565, 736, 774 and 859 cm1) were observed in
Ln-type MnTiO3 at ambient conditions (Fig. 7a). However, in a
previous report, only ten Raman bands were observed (179, 196,237, 274, 309, 362, 456, 467, 562 and 774 cm1) (Ko et al., 1989).
At 2.0 GPa, the peak around 253 cm1 splits into two and the
highest frequency peak (859 cm1) disappears (Fig. 7b), meaning
that a phase transition occurs from Ln-type to perovskite. At
3.7 GPa, many new and very clear Raman bands from perovskite
appear in the spectrum, as indicated by a star symbol, and at
5.3 GPa all peaks from the Ln-type disappear. Here only 15 clear
Raman bands of a total 24 Raman active phonon modes for
perovskite were observed, labeled vi (i Z 1e15) in Fig. 7d. With
increasing pressure, all the bands of perovskite shift toward
a higher frequency, and broaden and weaken in intensity, as seen
for example in Fig. 7dee. On decompression to zero pressure,
MnTiO3 crystallizes into the Ln-type structure again (Fig. 7g).
The pressure range of the two coexisting phases (Ln and perov-
skite) is 2.0e3.7 GPa, in agreement with the above XRD results
and a previous result (Ross et al., 1989).
The evolution of Raman frequency shifts as a function of
pressure for the ilmenite and perovskite phases is shown in Fig. 8.
Figure 4 Pseudo-cubic perovskite sub-cell parameters as a function
of pressure. apZa=
ﬃﬃﬃ
2
p
; bpZb=
ﬃﬃﬃ
2
p
and cpZ c/2 where a, b, c are the
lattice parameters in Table 3. Solid square symbols are the data on
compression, and open symbols are those on decompression.
Figure 6 Selected Raman spectra of ilmenite-type MnTiO3 at
various pressures. Backgrounds were subtracted from the original
data.
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the frequency at 0 GPa, a is the linear pressure coefficient and P is
the pressure. Thus the Gru¨neisen parameter (g) is obtained by
g Z vlnu/vlnV Z B0  a/u0, where B0 is the bulk modulus at
zero pressure. All results are summarized in Table 4; the mean g
parameter of ilmenite is 0.96 and that of perovskite is 1.31. Thus,
the g parameter increases by 36% across the ilmenite-to-perov-
skite transition. In fact, the mean g parameter obtained by the
above method is lower than the true g of 25% (Hofmeister and
Mao, 2002). Therefore, the true g parameter should be close to
1.28 for ilmenite and 1.75 for perovskite. The relevant information
of Ln-type MnTiO3 was not obtained because of lack of data.
4. Discussion
The ilmenite structure is based on a hexagonal close-packed oxygen
lattice with metal atoms occupying two-thirds of the available
octahedral sites. Each octahedron shares three edges with octahedraFigure 5 Volume compression of MnTiO3 phases as a function of
pressure. The solid curves are the fit of the experimental data in this
work using the third-order BircheMurnaghan equation of state; single
crystal data at high pressure from Ross et al. (1989) are plotted for
comparison. Solid square symbols are the data on compression, and
open symbols are those on decompression.inside the layer, a face with an octahedron of the second type of
cation in the adjacent layer, and the opposite face with a vacant
octahedral site. Behavior of ilmenite-type crystal structures of
MgBO3 (B]Si, Ge and Ti; Yamanaka et al., 2005) and ATiO3
(A Z Fe, Mn; Wechsler and Prewitt, 1984; Ross et al., 1989;
Yamanaka and Komatsu, 2007) has been discussed based on in
situ high-pressure single crystal XRD data. One can use refined
lattice parameters and atomic positions to obtain accurate bond
lengths, bond angles and octahedral volumes at various pressures, to
further describe the deformation of the octahedra. For example, in
ilmenite-type FeTiO3, the deformation of FeO6 and TiO6 octahedra
from the ideal octahedron is gradually decreased at high pressure,
i.e., the regularity of the octahedron is enhanced (Yamanaka and
Komatsu, 2007). However, the pressure range of single crystal
experiments is usually limited by about 10 GPa and structural
changes are relatively small. Powder X-ray diffraction experiments
can be easily extended to higher pressures, but it is hard to refine and
get reliable values of atomic positions, especially using in-house
diffractometer. Thus, we cannot satisfactorily describe crystal
chemical behavior of ilmenite-structured phase above 10 GPa, and
can only make extrapolation from lower-pressure data.
Raman spectroscopy is another useful technique in determining
the mechanism of structural change for ilmenite compounds at highFigure 7 Selected Raman spectra of Ln-type MnTiO3 as the
starting material during compression (aee) and decompression (feg).
Backgrounds were subtracted from the original data. At 3.7 GPa (c),
some new peaks from perovskite are denoted by star symbols.
Figure 8 Variation of Raman frequency as a function of pressure.
(A): ilmenite phase; (B): perovskite phase. Solid square symbols are
the data on compression, and open symbols are those on decom-
pression. The solid lines are obtained using a linear fit.
X. Wu et al. / Geoscience Frontiers 2(1) (2011) 107e114112pressure (Okada et al., 2008). Ten Raman models of ilmenite were
assigned based on ionic substitution: Ag(1) (v10) and Eg(1) (v9) to
TieO stretching motions; Ag(2) (v7), Ag(3) (v5), Eg(2) (v8) and Eg(3)
(v6) to OeTieO bending motions; Ag(4) (v3) and Eg(4) (v4) to
translations of the TiO6 octahedra against Mn
2þ cations; Ag(5) (v2)Table 4 Results of linear regressions (u and a) and calculated mod
ilmenite and 208 GPa for perovskite).
Ilmenite u0 (cm
1) a (cm1/GPa) g
v1 Eg(5) 171 0.851 0.88
v2 Ag(5) 207 0.953 0.81
v3 Eg(4) 240 0.898 0.66
v4 Ag(4) 266 1.607 1.06
v5 Ag(3) 339 2.148 1.12
v6 Eg(3) 360 2.109 1.03
v7 Ag(2) 468 2.557 0.96
v8 Eg(2) 477 3.132 1.16
v9 Eg(1) 603 4.371 1.28
v10 Ag(1) 689 2.665 0.68and Eg(5) (v1) to translations of the Mn
2þ cation against the oxygen
framework (Hofmeister, 1993). In a simple harmonic oscillator
model, the vibrational frequency of the stretching band (v) equates
to ð1=2pcÞ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðk=mÞp where m is the reduced mass of the two-mass
system and kfðeþe=r2Þ3=4 (“r” is the cation-anion bond length
and “e” is the electronegativity). The TieO bond distance (shared
face) in the TiO6 octahedron is longer than that of the unshared face.
Thus, Ag(1) (v10) is assigned to the shorter TieO bond (unshared
face) and Eg(1) (v9) is related to the longer TieO bond (shared face)
according to the above simple harmonic oscillator model. However,
a(v9) is greater than a(v10) (Table 4 and Fig. 8a), meaning that the
difference between the shorter and longer TieO bonds decreases
with increasing pressure, i.e., the regularity of the TiO6 octahedron
is enhanced. This behavior of MnTiO3 is similar to those of FeTiO3
and MgTiO3, but in contrast to those of MgSiO3 and MgGeO3
(Okada et al., 2008). The most possible reason is that Ti is a 3d
transition metal unlike Si and Ge.
For orthorhombic GdFeO3-type structural distortion from ideal
cubic perovskite can be described by tilting of the octahedral
framework, the tolerance factor, and the ratio of polyhedral
volume. In general, if the degree of distortion of GdFeO3-type
perovskite enhances with increasing pressure, it tends to transform
to post-perovskite at high enough pressure (Wu et al., 2005). One
the other hand, GdFeO3-type perovskite could transform to high-
symmetry structures like tetragonal and cubic phase if the
distortion degree decreases at high pressure (Wu et al., 2006).
Here, we did not obtain atomic positions of MnTiO3 perovskite,
thus we cannot further calculate the tolerance factor or the ratio of
polyhedral volume at various pressures to describe the structural
distortion. Recently, the tilting angle F, representing rotation of
the octahedron about pseudo-cubic axes of [111], has been
proposed to predict the high-pressure behavior of perovskite, i.e.,
those perovskites with F > 16 tend to transform to post-perov-
skite (Kojitani et al., 2007). Assuming all the octahedra remain
regular, the tilt angle F is expressed by cos1ð ﬃﬃﬃ2p a2=bcÞ, where a,
b and c are lattice parameters of GdFeO3-type perovskite (space
group Pbnm) (Zhao et al., 1993). The tilt angle F of perovskite
MnTiO3 can be plotted as a function of pressure (Fig. 9). F
increases with increasing pressure, which means that structural
distortion deviation from ideal cubic perovskite is enhanced, i.e.,
perovskite MnTiO3 will tend to transform to post-perovskite ate for Gru¨neisen parameter g using experimental B0 (176 GPa for
Perovskite u0 (cm
1) a (cm1/GPa) g
v1 147 1.175 1.66
v2 166 0.814 1.02
v3 171 1.671 2.03
v4 196 1.077 1.14
v5 201 1.778 1.84
v6 256 1.562 1.27
v7 308 1.607 1.09
v8 361 2.818 1.62
v9 419 3.116 1.55
v10 476 2.387 1.04
v11 501 3.931 1.63
v12 529 3.787 1.49
v13 631 3.902 1.29
v14 748 1.168 0.32
v15 771 2.632 0.71
Figure 9 Tilting angle F, representing rotation of the octahedron
about the pseudo-cubic axes of [111], vs. pressure.
X. Wu et al. / Geoscience Frontiers 2(1) (2011) 107e114 113higher pressure. This high-pressure behavior is consistent with the
semi-empirical prediction (Kojitani et al., 2007). However,
recently we have observed in situ the breakdown of FeTiO3
perovskite into an (Fe1  d,Tid)O þ Fe1 þ dTi2  dO5 assemblage
rather than the post-perovskite beyond 53 GPa and 2000 K (Wu
et al., 2009b). Crystal chemistry properties of both perovskite
FeTiO3 and perovskite MnTiO3 are very similar, thus it is possible
for MnTiO3 to exhibit the same high-pressure behavior as FeTiO3.
Further exploration of this variation at higher pressure is needed to
provide a more realistic answer.
The mechanism of structural change from ilmenite/Ln to
perovskite has been discussed previously (Megaw, 1968; Ross et al.,
1989; Yusa et al., 2006; Wu et al., 2010). The transformation from
Ln to perovskite is much simpler than that from ilmenite to perov-
skite, because the structural change between Ln and perovskite
requires only a small rotation of the TiO6 octahedron whereas that
between ilmenite and perovskite involves the bonds breaking and
atomic rearrangement. At room temperature ilmenite FeTiO3 starts
to transform to perovskite at 20 GPa (Wu et al., 2009a) whereas
ilmenite MnTiO3 was found to remain stable up to 26.6 GPa in the
present study, which indicates that the binding energy of ilmenite
FeTiO3 is less than that of ilmenite MnTiO3. At room temperature
Ln-type FeTiO3 transforms to perovskite at 16 GPa (Leinenweber
et al., 1991; Mehta et al., 1994; Wu et al., 2010) whereas Ln-type
MnTiO3 transforms to perovskite at a lower pressure of 2.0 GPa. At
a phase-transition pressure of 2GPa, the calculated tilting angleF of
Ln-type MnTiO3 is 20.8
 and that of perovskite is 19.8. In the
FeTiO3 compound, the F of Ln-type phase is 21.5
 and that of
perovskite is 17.1 at a phase-transition pressure of 16 GPa
(Leinenweber et al., 1991). The rotation angle (1) of the TiO6
octahedron in the Ln-to-perovskite transition of MnTiO3 is obvi-
ously smaller than that of FeTiO3 (4.4
), which explains well why
Ln-type MnTiO3 has a lower phase-transition pressure.
5. Conclusions
We have carried out in situ high-pressure XRD and Raman
spectroscopy experiments on MnTiO3 up to 26.6(8) GPa at room
temperature. Our results show that ilmenite MnTiO3 is still stable
at 26.6 GPa, and lithium niobate MnTiO3 reversibly transforms to
perovskite at 2.0 GPa. The results of compression for the threepolymorphs are well presented by the third-order Birche
Murnaghan equation of state with V0 Z 54.27(1) A
3, K0 Z 176
(4) GPa for ilmenite; V0Z 53.32(2) A
3, K0Z 179(8) GPa for Ln
phase; and V0Z 51.22(6) A
3, K0Z 208(5) GPa for orthorhombic
perovskite. The axial compressibility shows an obvious anisotropy
in both ilmenite and lithium niobate phases, i.e., the c axis is more
compressible than the a axis. Raman data further demonstrate that
the regularity of TiO6 octahedron is enhanced in the ilmenite
phase at high pressure. The unit-cell parameters of perovskite
MnTiO3 and its TiO6 octahedral tilting angle F as a function of
pressure show that structural distortion deviation from the ideal
cubic perovskite is enhanced, meaning that perovskite MnTiO3
will tend to transform to the post-perovskite at higher pressure.
However, we did not observe any sign of post-perovskite phase of
MnTiO3 in this study.Acknowledgments
X. Wu is grateful for an Alexander von Humboldt Fellowship in
Germany and S. Qin acknowledges the financial support of the
National Natural Science Foundation of China (Grant No.
40972029). Reviews by M. Kanzaki and S. Turner were helpful in
improving the manuscript.
References
Dubrovinsky, L., El Goresy, A., Gillet, P., Wu, X., Simionivici, A., 2009. A
novel natural shock-induced high-pressure polymorph of FeTiO3
ilmenite with the Li-Niobate structure from the Ries Crater, Germany.
Meteoritics & Planetary Science 44, A64.
Durben, D.J., Wolf, G.H., 1992. High-temperature behavior of metastable
MgSiO3 perovskite; a Raman spectroscopic study. American Miner-
alogist 77, 890e893.
Fateley, W.G., McDevitt, N.T., Bently, F.F., 1971. Infrared and Raman
selection rules for lattice vibrations: the correlation method. Applied
Spectroscopy 25, 155e174.
Hirose, K., Kawamura, K., Ohishi, Y., Tateno, S., Sata, N., 2005. Stability
and equation of state of MgGeO3 post-perovskite phase. American
Mineralogist 90, 262e265.
Hofmeister, A.M., Mao, H.K., 2002. Redefinition of mode Gru¨neisen
parameter for polyatomic substances and thermodynamic implica-
tions. Proceedings of the NationalAcademy of Sciences 99,
559e564.
Hofmeister, M., 1993. IR reflectance spectra of natural ilmenite:
comparison with isostructural compounds and calculation of thermo-
dynamic properties. European Journal of Mineralogy 5, 281e295.
Ko, J., Brown, N.E., Navrotsky, A., Prewitt, C.T., Gasparik, T., 1989. Phase
equilibrium and calorimetric study of the transition of MnTiO3 from
the ilmenite to the lithium niobate structure and implications for the
stability field of perovskite. Physics and Chemistry of Minerals 16,
727e733.
Ko, J., Prewitt, C.T., 1988. High-pressure phase transition in MnTiO3 from
the ilmenite to the LiNbO3 structure. Physics and Chemistry of
Minerals 15, 355e362.
Kojitani, H., Shirako, Y., Akaogi, M., 2007. Post-perovskite phase transition
in CaRuO3. Physics of the Earth and Planetary Interiors 165, 127e134.
Leinenweber, K., Utsumi, W., Tsuchida, Y., Yagi, T., Kurita, K., 1991.
Unquenchable high-pressure perovskite polymorph of MnSnO3 and
FeTiO3. Physics and Chemistry of Minerals 18, 244e250.
Leinenweber, K., Wang, Y., Yagi, T., Yusa, H., 1994. An unquenchable
perovskite phase of MgGeO3 and comparison with MgSiO3 perovskite.
American Mineralogist 79, 197e199.
Liu, L.G., Ringwood, A.E., 1975. Synthesis of a perovskite-type poly-
morph of CaSiO3. Earth and Planetary Science Letters 28, 209e211.
X. Wu et al. / Geoscience Frontiers 2(1) (2011) 107e114114Mao, H.K., Chen, L.C., Hemley, R.J., Jephcoat, A.P., Wu, Y., 1989.
Stability and equation of state of CaSiO3-perovskite to 134 GPa.
Journal of Geophysical Research 94, 17889e17894.
Mao, H.K., Xu, J., Bell, P.M., 1986. Calibration of the ruby pressure gauge
to 800 kbar under quasi-hydrostatic conditions. Journal of Geophysical
Research Solid Earth 91, 4673e4676.
Megaw, H.D., 1968. A note on the structure of lithium niobate, LiNbO3.
Acta Crystallographica A 24, 583e588.
Mehta, A., Leinenweber, K., Navrotsky, A., Akaogi, M., 1994. Calori-
metric study of high pressure polymorphism in FeTiO3: stability of the
perovskite phase. Physics and Chemistry of Minerals 21, 207e212.
Ming, L.C., Kim, Y.H., Uchida, T., Wang, Y., Rivers, M., 2006. In situ X-
ray diffraction study of phase transitions of FeTiO3 at high pressures
and temperatures using a large-volume press and synchrotron radiation.
American Mineralogist 91, 120e126.
Murakami, M., Hirose, K., Kawamura, K., Sata, N., Ohishi, Y., 2004. Post-
perovskite phase transition in MgSiO3. Science 304, 855e858.
Navrotsky, A., 1998. Energetics and crystal chemical systematic among
ilmenite, lithium niobate, and perovskite structures. Chemistry of
Materials 10, 2787e2793.
Oganov, A.R., Ono, S., 2004. Theoretical and experimental evidence for
a post-perovksite phase of MgSiO3 in Earth’s D
00 layer. Nature 430,
445e448.
Okada, T., Narita, T., Nagai, T., Yamanaka, T., 2008. Comparative Raman
spectroscopic study on ilmenite-type MgSiO3 (akimotoite), MgGeO3,
and MgTiO3 (geikielite) at high temperatures and high pressures.
American Mineralogist 93, 39e47.
Qin, S., Wu, X., Seifert, F., Becerro, A.I., 2002. Micro-Raman study of
perovskites in the CaTiO3eSrTiO3 system. Journal of Chemical
Society Dalton Transactions 19, 3751e3755.
Ross, N.L., Ko, J., Prewitt, C.T., 1989. A new phase transition in MnTiO3:
LiNbO3-perovskite structure. Physics and Chemistry of Minerals 16,
621e629.
Santilla´n, J., Shim, S.H., Shen, G., Prakapenka, V.B., 2006. High-pressure
phase transition in bixbyite e application for the crystal structure and
properties of the CaIrO3-type. Geophysical Research Letters 33
(L15307), 1e5.
Schaufele, R.F., Weber, M.J., 1966. Raman scattering by lithium niobate.
Physical Review 152, 705e708.Syono, Y., Akimoto, S., Ishikawa, Y., Endoh, Y., 1969. A new high pres-
sure phase of MnTiO3 and its magnetic property. Journal of Physics
and Chemistry of Solids 30, 1665e1672.
Toby, B.H., 2001. EXPGUI, a graphical user interface for GSAS. Journal
of Applied Crystallography 34, 210e213.
Wechsler, B.A., Prewitt, C.T., 1984. Crystal structure of ilmenite (FeTiO3)
at high temperature and at high pressure. American Mineralogist 69,
176e185.
Wu, X., Dong, Y.H., Qin, S., Abbas, M.I., Wu, Z.Y., 2005. First-principles
study of pressure-induced phase transition in CaTiO3. Solid State
Communication 136, 416e420.
Wu, X., Qin, S., Wu, Z.Y., 2006. GGA calculations of the high-pressure
behavior of YAlO3 perovskite. Journal of Physics, Condensed Matter
18, 3907e3916.
Wu, X., Steinle-Neumann, G., Narygina, O., Kantor, I., McCammon, C.,
Pascarelli, S., Aquilanti, G., Prakapenka, V., Dubrovinsky, L., 2009a.
Iron oxidation state of FeTiO3 under high pressure. Physical Review
B79 (094106), 1e7.
Wu, X., Steinle-Neumann, G., Narygina, O., Kantor, I., McCammon, C.,
Prakapenka, V., Swamy, V., Dubrovinsky, L., 2009b. High-pressure
behavior of perovskite: FeTiO3 dissociation into (Fe1  d, Tid)O and
Fe1 þ dTi2  dO5. Physical Review Letters 103 (065503), 1e4.
Wu, X., Steinle-Neumann, G., Narygina, O., McCammon, C.,
Dubrovinsky, L., 2010. In situ high-pressure study of LiNbO3-type
FeTiO3: X-ray diffraction and Mo¨ssbauer spectroscopy. High Pressure
Research 30, 395e405.
Yamanaka, T., Komatsu, Y., 2007. Electron density distribution of FeTiO3
ilmenite under high pressure analyzed by MEM using single crystal
diffraction intensities. Physics and Chemistry of Minerals 34, 307e318.
Yamanaka, T., Komatsu, Y., Sugahara, M., Nagai, T., 2005. Structure
change of MgSiO3, MgGeO3 and MgTiO3, ilmenite under compres-
sion. American Mineralogist 190, 1301e1307.
Yusa, H., Akaogi, M., Sata, N., Kojitani, H., Yamamoto, R., Ohishi, Y.,
2006. High-pressure transformations of ilmenite to perovskite, and
lithium niobate to perovskite in zinc germinate. Physics and Chemistry
of Minerals 33, 217e226.
Zhao,Y.,Weidner, D.J., Parise, J.B., Cox, D.E., 1993. Thermal expansion and
structural distortion of perovskite e data for NaMgF3 perovskite, Part I.
Physics of the Earth and Planetary Interiors 76, 1e6.
